ABSTRACT: A coupled particle-tracking/ocean circulation model of an idealized eastern boundary upwelling current is used to explore the mesoscale pathways of larval transport. We find that simulated larvae are often organized into filaments found between mesoscale eddies that correspond to attracting Lagrangian coherent structures (LCS). Such structures are material curves that map filamentation and transport boundaries, often corresponding to the locations of sea-surface temperature fronts. Filamentation and eddy−eddy interactions aggregate larvae from many source regions and release times into small, highly dense packets that can be transported back to the shelf. Larval densities in these packets can be up to 2 orders of magnitude greater than initial release densities near the coast and are robust to strong levels of random 'swimming' perturbations. This study suggests that coherent flow structures play an important role in pelagic transport of marine larvae. 
INTRODUCTION
Eastern boundary currents (EBCs) such as the California Current System (CCS) contain many of the most productive fisheries in the world (e.g. Ryther 1969 , Chassot et al. 2010 , and coastal waters in EBCs are important habitats and spawning grounds for many species of fishes and invertebrates (Parrish et al. 1981 , Love et al. 2002 . The elevated rate of productivity in EBCs is due to coastal upwelling, where equatorward coastal winds drive ocean surface transport offshore, bringing nutrient-rich water to the surface, thus driving primary productivity. Coastal upwelling also generates mesoscale coherent structures, notably upwelling filaments, jets and eddies (Flament et al. 1985 , Brink & Cowles 1991 , Haynes et al. 1993 . These structures organize the transport of upwelled waters containing biologically important material such as nutrients, plankton and marine propagules (e.g. larvae, eggs, spores; Parrish et al. 1981 , Larson et al. 1994 , Rodriguez et al. 1999 .
Ocean transport of propagules connects populations of many coastal marine species (Levin 2006 , Cowen & Sponaugle 2009 ). Consequently, understanding marine propagule transport is important for a wide range of scientific and management problems, from assessment of recruitment dynamics and population genetics to fisheries management and marine conservation planning (e.g. Warner & Cowen 2002 , Palumbi 2003 , Botsford et al. 2009 , Costello et al. 2010 , Rassweiler et al. 2012 . Marine propagules themselves are typically small (a few millimeters to a few centimeters) and require days to months in the plankton to develop competency for their next life stage (Strathmann 1985 , Metaxas & Saunders 2009 ). While larvae of many species are capable of a variety of behaviors that can alter their dispersal patterns (Shanks 1985 , Sponaugle et al. 2002 , they are also strongly affected by prevailing currents, where they are dispersed over spatial scales from 100s of meters to 100s of kilometers (e.g. Jackson & Strathmann 1981 , Siegel et al. 2003 , Shanks 2009 ). Current variability in EBCs is typically much stronger than the mean flow (Marchesiello et al. 2003 , Harrison & Glatzmaier 2012 and depends on topographic, remote and seasonal forcing (Haynes et al. 1993 , Hill et al. 1998 , Marchesiello et al. 2003 , Marchesiello & Estrade 2009 ), making the effect of eddies on dispersal both important and highly variable in space and time (Largier 2003 .
Larval transport has been commonly modeled as a diffusive process (e.g. Okubo 1980 , Jackson & Strathmann 1981 , Largier 2003 , sometimes with the addition of mean flow advection (Roberts 1997 , Gaylord & Gaines 2000 , Siegel et al. 2003 , Shanks 2009 ). This led to the idea of a Gaussian dispersion kernel to quantify larval transport (e.g. Largier 2003 , Siegel et al. 2003 , a concept that has been used extensively to inform ecosystem management practices (see Botsford et al. 2009 for a review). However, observations of larval settlement across many oceanographic regimes show that large, local, intermittent settlement events are common and that single events can dominate local recruitment for a year or more (Ebert & Russell 1988 , Warner et al. 2000 . This suggests the Gaussian kernel approach does not satisfactorily represent larval transport processes on time and space scales relevant to coastal marine populations , and that resolving recruitment events driven by ocean variability is crucial to advancing understanding of dispersal and connectivity (Warner et al. 2000 , Largier 2003 , Botsford et al. 2009 , Mitarai et al. 2009 ).
Recent approaches have utilized ocean circulation model flow fields, remote sensing observations, as well as a growing number of in situ observations to characterize larval transport and recruitment patterns more realistically than ever before (e.g. Bjorkstedt et al. 2002 , Cowen et al. 2006 , Aiken et al. 2007 , Broitman et al. 2008 , Mitarai et al. 2009 , Drake et al. 2011 , Kim & Barth 2011 , Woodson et al. 2012 ). These observations and models illustrate the large role that coherent flow structures (such as filaments and eddies) play in the transport of plankton, larvae and other propagules. In particular, several recent studies have highlighted the delivery of discrete 'packets' of larvae back to the nearshore as an important settlement process (e.g. Mitarai et al. 2008 , consistent with observations of episodic recruitment (Warner et al. 2000) . The temporally intermittent and spatially heterogeneous patterns of larval settlement and connectivity seen in these studies are thought to have important consequences for metapopulation dynamics, species coexistence and optimal fisheries management (e.g. Berkley et al. 2010 , Costello et al. 2010 , Aiken & Navarete 2011 , Bode et al. 2011 , Watson et al. 2011a ,b, 2012 , Rassweiler et al. 2012 . It has been hypothesized that the complex eddying dynamics of the coastal ocean are driving packet formation and subsequent transport ; however, the physical details remain largely unexplained.
The goal of this study is to explore the processes that control the generation and movement of filaments and larval packets. One of the hallmarks of ocean turbulence is eddy−eddy interaction and merger (McWilliams 1984 , Bracco et al. 2004 ), moving energy from small to large scales and resulting in eddies from several 10s up to 200 km in diameter that can persist for weeks to years (Marchesiello et al. 2003 , Chelton et al. 2007 , Marchesiello & Estrade 2009 , Harrison & Glatzmaier 2012 . During eddy merger events, smaller eddies are entrained and filamented along the edges of larger eddies (McWilliams 1984 , Harrison & Glatzmaier 2012 . Here we find eddy interaction results in creation of dense, often long filamental packets of larvae that can bring together larvae of many ages and source regions into small, yet dense packets.
Our modeling system was created to replicate mesoscale dynamics off the Central California coast and, as such, captures many of the features common to all eastern boundary upwelling currents, such as the upwelling jet, its associated eddies and filaments, and a dynamic offshore eddy field (Hill et al. 1998 , Marchesiello & Estrade 2009 ). The modeling framework consists of a 3-dimensional ocean circulation model, a particle-tracking model to keep track of simulated larvae, and an analytical tool from dynamical systems theory: Lagrangian coherent structures (LCS). LCS are used as a metric to map the attractors of the filamentation process, to visualize transport boundaries and eddy interactions, and to provide a framework for understanding the kinematics of ocean transport (d'Ovidio et al. 2004 , Wiggins 2005 , Samelson & Wiggins 2006 . Our hypothesis is that attracting LCS (ALCS) will mark the dominant transport pathways of marine propagules. That is, larvae will be preferentially concentrated in 'larval superhighways' mapped by ALCS, as opposed to being 'diffusively', more uni-formly, distributed, or within eddy interiors where there are few LCS. To the best of our knowledge, the utility of LCS have yet to be explored in the context of marine propagule transport, although LCS have been the focus of many recent studies of pollutant and biological transport in marine systems (e.g. Lehahn et al. 2007 , Shadden et al. 2009 , Tew Kai et al. 2009 , Calil & Richards 2010 , d'Ovidio et al. 2010 , Katija et al. 2011 , Huhn et al. 2012 .
LAGRANGIAN COHERENT STRUCTURES (LCS)
Our goal in this section is to provide a brief conceptual introduction to LCS and to make a few specific points relevant to the methods and results presented here. We refer the interested reader to the introductory text by Abraham & Shaw (1992) , reviews by Wiggins (2005) , , and Samelson (2013) , the textbook by Samelson & Wiggins (2006) , and an online tutorial (Shadden 2005 ) for more detailed information and examples.
LCS can be thought of as material lines moving with the ocean surface that act as transport barriers and map regions of active filamentation, effectively allowing us to visualize the skeleton of turbulent transport (e.g. Haller 2002 , d'Ovidio et al. 2004 , Mathur et al. 2007 . Broadly, particles on a surface will move toward and along an attracting LCS (ALCS) and away from and along a repelling LCS (RLCS). LCS are also ideally particle trajectories, so a particle will remain on an LCS once it encounters it (Video S1 in the supplement at www. int-res.com/ articles/ suppl/ m472p027_supp/).
Trajectories of water parcels near LCS associated with a saddle (or stagnation) point are illustrated in Fig. 1a . Arrows indicate the instantaneous direction of movement of water parcel trajectories within the fluid. The blue lines represent ALCS, trajectories separating fluid parcels (on either side), that at this moment are close to each other, but in the recent past were much farther apart. That is, there is confluence of fluid particle trajectories near the ALCS (which is not necessarily a horizontal convergence or downwelling). The red lines in Fig. 1a represent RLCS, trajectories separating fluid parcels that will soon separate, that is, experience diffluence (and not necessarily divergence or up welling). Near Lagrangian saddle points -the intersection of RLCS and ALCSfluid parcels stretch out in time along the ALCS into a long, thin filament ( Fig. 1a ; gray features, see also Video S1 in the supplement). In this way the gradient of a passive tracer field can be intensified by the filamentation process without any horizontal convergence or associated downwelling. For buoyant particles (as used here) or, similarly, any planktonic material that maintains its position in the water column, any convergence will intensify the process of filamentation and lead to stronger gradients in tracer fields (e.g. Genin et al. 2005 , Bakun 2010 .
How are LCS calculated? Fluid parcels nearby, but not on, a LCS ( Fig. 1a ; black ovals, also see Video S1 in the supplement) move along and asymptotically toward the ALCS and away from the RLCS on hyper- bolic trajectories (black lines). Along these trajectories neighboring fluid parcels are strained differing amounts by the flow field. These differences in stretching rates allow the detection of LCS by the Lyapunov exponent, which quantifies the rate that neighboring particles separate. Here we use the finite-time Lyapunov exponent (FTLE) (Haller 2002 , although other methods have been developed (d'Ovidio et al. 2004 , Mancho et al. 2006 . In essence, the FTLE is a scalar field that measures the time-averaged local exponential rate of particle separation. The FTLE is calculated by seeding the fluid velocity field with a dense, uniform grid of passive tracer particles, integrating their trajectories, and tracking the separation of particles initially nearby through time (the relative dispersion). Particles on either side of an LCS will move apart at an exponential rate as they move away from the saddle point, i.e.:
where Δx(t) is the distance between 2 particles at time t, T = t − t 0 is the particle trajectory integration time, and Δx(t = t 0 ) is the initial separation. The local finite-time Lyapunov exponent is found by solving for the exponent λ:
where λ is a scalar function of the particle release location, the time (t 0 ), and the integration time (T). The magnitude of the deformation gradient ||Δx(t 0 + T)/Δx(t 0 )|| is found by identifying the square root of the maximal singular value (i.e. the maximum stretching factor) at each initial particle location (Haller 2002 . LCS are identified from FTLE scalar fields as high values or ridges. RLCS are found by evolving particle trajectories forward in time (T > 0), while ALCS are found by evolving particle trajectories backward in time (T < 0). Longer integration times effectively grow the LCS away from the saddle points, heightening and thinning the LCS (e.g. Here we use an initial particle separation of 500 m and an integration time of 14 d, more than long enough to grow the LCS so that the relevant flow features are visualized. The implication of LCS being material curves is that fluid moving along an LCS will stay on this curve and not pass across it (Video S1 in the supplement). Thus, ideally LCS act as transport barriers for passive particles and tracers advected by large-scale flow . LCS can map long-lived fronts separating ocean water masses with different characteristics (e.g. temperature, salinity, oxygen). While temperature or density fronts imply a transport barrier is present, the converse is not necessarily true, and LCS may map transport barriers that are not associated with fronts. However, for ocean flows in near-geostrophic balance, LCS and fronts will likely coincide.
RLCS are often found nearly coincident with ALCS, especially around eddies (Figs. 1b & 2a) . This coincidence should be expected. For time-invariant systems, ALCS associated with one saddle point often form the RLCS of another saddle point (heteroclinic trajectories), or even circle back and attach to the same saddle point (homoclinic trajectories). Thus, an LCS can be both attracting and repelling at the same time, with respect to different source materials (Abraham & Shaw 1992 , Samelson & Wiggins 2006 ). However, this connectivity breaks up with perturbation (Abraham & Shaw 1992 , Wiggins 2005 , Samelson & Wiggins 2006 . In general, we expect ALCS and RLCS on the ocean surface should, in many cases, be close to each other, but not coincide exactly (Figs. 1b & 2a) . This will become important in the statistical analysis to follow.
MODELS
The CCS-in-a-box model, implemented in the Regional Ocean Modeling System (ROMS) (Shchepetkin & McWilliams 2005) , was designed to replicate the mesoscale eddy dynamics of central California coastal circulation in a simplified domain . The 3-dimensional model domain features a north/south periodic (wrap-around) boundary, an open western boundary, and a narrow shelf (~10 km) along a straight eastern boundary coast line. A constant alongshore pressure gradient is imposed within the model which creates a poleward undercurrent. The model is forced by variable wind stress that replicates the temporal wind variability off Central California during summer upwelling (a typical July). A total of 28 runs with different wind stress time series (with identical wind stress statistics) were created to represent interannual variability in upwelling forcing. Implementation details for the CCSin-a-box model can be found in Mitarai et al. (2008) and Siegel et al. (2008) .
Marine propagules are modeled as quasi-Lagrangian tracer ocean particles originating from the shelf region. They are constrained to remain on the top ocean model layer, a common strategy for many marine propagules (e.g. Love et al. 2002) . This simplifies the propagule transport into a horizontal, 2-dimensional, time-dependent problem. Note we will use larva, particle, and propagule interchangeably with the under standing that we mean modeled, surface-following particles for each of these terms. For both the larval transport and LCS calculations, particle positions are integrated in time using a fourth-order Runge-Kutta scheme with the ROMS-simulated surface velocities (saved every 6 h) interpolated to the particle locations each integration time step. Larvae are released daily from Day 0 to Day 170 within the shelf zone (<10 km offshore) on a regular 2 km grid and tracked from the time of release until the end of each 180 d run; effectively we are assuming all shelf areas are larval source regions and that larvae are continuously released. Because larval mortality is not modeled, the number of larvae (and the range of ages since release of those larvae) increases with time. Each tracer particle is considered to potentially represent a large number of actual larvae because individuals of many species release thousands to millions of larvae at one time (e.g. Love et al. 2002 , 2009 ).
RESULTS

LCS, filamentation, and larval density patterns
Flow features produced in the model (Fig. 2 ) broadly resemble those observed, both off California (Flament et al. 1985 , Brink & Cowles 1991 and in other eastern boundary currents (Haynes et al. 1993 , Hill et al. 1998 . Instabilities in the upwelling jet produce eddies and upwelling filaments, which are fast, relatively narrow (on the order of 10s of kilometers wide) features with coherent flow reaching 100s of meters deep into the water column that can quickly move material offshore (Flament et al. 1985) . As these upwelling filaments and other flow features interact with the eddy field offshore, they are further stirred and filamented, resulting in a patchy distribution of larvae (Video S2 in the supplement at www. int-res. com/articles/suppl/m472p027_supp/).
Inspection of the larval density field demonstrates that the transport of coastal material predominantly occurs in long, thin, spatially connected filaments (Fig. 2b) . Similarly patchy density distributions are seen throughout this model run (Video S2 in the supplement) as well as all other runs. Regions of high larval density are observed to correspond with ALCS, but only sometimes with RLCS (Fig. 2a,b) . Coincidence of filaments, LCS, and surface variables is illustrated in Figs. 3 & 4 , where transects are taken across 2 regions (bold vertical lines in Fig. 2 ). Fig. 3 transects a filament in 3 places as it spirals into a cyclonic eddy. a region where particles were released (cf. Fig. 4a,c) .
Regions of high larval con centration only sometimes coincide with RLCS, which are found using high values of the forward FTLE field (red in Fig. 2a , shortdashed lines in Figs. 3c & 4c) ; coincidence mainly occurs when the RLCS are also close to ALCS (e.g. Fig. 4c at 50 km). To assess the relationship between LCS and filaments, statistics of the forward (FFTLE) and backward (BFTLE) FTLE fields throughout the model domain were compared to the values of these fields interpolated to particle positions. We asked the following: (1) How often are larvae on an LCS? and (2) Which type of LCS do they end up on? Complementary cumulative distribution functions for BFTLE and FFTLE values are shown in Fig. 5a for a single day (Day 37, also shown in Fig. 2 ) and in Fig. 5b for a 100 d ensemble. Cumulative distribution functions for the FTLE values are calculated for the entire domain (black lines in Fig. 5a,b) and for where particles are located (blue and red lines). Pairwise comparisons of cumulative distribution functions (BFTLE vs. BFTLE at particle positions, FFTLE vs. FFTLE at particle positions, and BFTLE at particle positions vs. FFTLE at particle positions) were done using a Kolmogorov-Smirnov test. All pairs of distributions were significantly different (p < 0.001), as expected given the large number of data points (n > 10 4 for all distributions).
Particles were determined to be on or sufficiently near an LCS when the FTLE values at their positions were > 0.2 d −1 (shown in Figs. 3c & 4c as a horizontal dashed line). This threshold is determined experimentally and depends on ocean dynamics and the FTLE integration time. FTLE field statistics at the particle positions were compared to FTLE statistics for the entire domain. Larvae were more likely on an LCS (40 to 60%) than if they were randomly distributed (~25% of all larvae expected for Day 37; Fig. 5a ). Furthermore, for Day 37, larvae were much more likely to be on ALCS (~60% of all larvae) than on RLCS (~40% of all larvae), as is consistent with the arguments presented in the section 'Lagrangian coherent structures'. Extending the analysis to a 100 d ensemble (Fig. 5b) , larvae were more likely on LCS (25 to 40%) than if they were randomly distributed (~20%), and again more likely on ALCS (~40% of all larvae) than on RLCS (~25% of all larvae). This suggests filamentation mapped by LCS plays an important role in transport of material originating over the shelf in EBCs. 
Filaments and fronts
In the CCS-in-a-box model, larval filaments marked by LCS are often found between cyclonic (cold-core) and anti-cyclonic (warm-core) eddies (Figs. 2 to 4) . Hence, larval filaments are also associated with high sea-surface temperature (SST) gradients, consistent with larval surveys in the CCS (e.g. Larson et al. 1994) . However, the transects in Fig. 4 show some cases where LCS and high particle densities are not coincident with a SST front (e.g. at 50 km alongshore in Fig. 4) . To test the relationship of LCS and SST fronts we asked: If a particle is on an LCS, how much more likely is it to be on a front? Fig. 5c compares the complementary cumulative distribution of the horizontal (surface) SST gradient magnitude |∇ h SST| with the distribution at all particle positions and for particles near LCS (FTLE > 0.2 d , ~25% expected), while particles on or near LCS were even more likely to be on high |∇ h SST| values (50 to 60% above 0.1 °C km −1 , twice as many as expected; p < 0.001 for all comparisons). This demonstrates that larvae are more likely to be on fronts, especially those also on a LCS.
Regions of high SST gradients are observed to be associated with locally enhanced vertical velocities on the second model layer (~5 m) on either side of the front (and thus LCS; Figs. 2d, 3d & 4d), consistent with a secondary ageostrophic circulation attempting to stratify the front (e.g. Capet et al. 2008 , Klein & La peyre 2009 . Frontal vertical velocities are difficult to correlate statistically with SST fronts (and by extension LCS and filaments) since they are maximal at either side of the front and not along it (Capet et al. 2008) . Possible implications are discussed in 'Comparisons with observations and prior studies'.
Eddy−eddy interactions, source regions, and larval age distributions
The ages of larvae along filaments are generally older the farther out to sea they are from their initial release location, as has been observed in situ (Rodriguez et al. 1999 ). In Fig. 3 each of the 3 filament crossings are at a different oceanographic (or integrated path) distance from the shelf. Larvae are shown in 2 age classes: 0 to 20 d old and 20 d and older (Fig. 3a) . Along the filament, a higher abundance of older larvae is found in regions that are further from shore. This age pattern is also seen in the southern In general particles are more often on LCS than if they were randomly distributed (black lines), and especially more likely to be on attracting (blue, ALCS) than repelling (red, RLCS) LCS. Likewise particles are more likely to be on temperature fronts (high y h SST) than if they were randomly distributed, and even more likely when they are on ALCS or RLCS transect (Fig. 4a) , where both filaments are farther in a path sense, from the source region than in the eddy transect. Here larvae are older, with the age gradient of larvae along the twice-crossed filament increasing with oceanographic distance from shore.
In contrast to these simple examples, the interaction of larval filaments and eddies can result in complex density and age-structure patterns. As an example of this process, a time series of eddy interaction, merging, and larval particle packet formation is shown in Fig. 6 . Here, a 25 km diameter cyclonic eddy is formed initially near the shelf with a mass of simulated larvae spiraling into its center (Day 91, Eddy 1). This small eddy interacts with a similarly sized eddy (Eddy 2), and a larger cyclonic eddy (Eddy 3) over a 10 d period (Days 94 to 103), which can be visualized by the particle density field, the LCS locations, and the sea-surface height (SSH; Fig. 6 ). During the interaction, both particle density and LCS distributions show that the contents of Eddy 1 are compressed and filamented around the periphery of the larger eddy, resulting in a thin, dense packet of material that was formerly the core of Eddy 1 being transported back towards the coast along the larger eddy's exterior. In contrast, the SSH signatures of the 2 small eddies appear to merge during the interaction ( Fig. 6; Day 97) , illustrating that what is observed in the Eulerian frame (SSH) does not necessarily determine the transport fate of larval particles (the time-integrated Lagrangian flow), as has often been noted in the dynamical systems literature (i.e. Shadden et al. 2005) . The packet has a maximal density of > 90 particles km −2 , roughly 2 orders of magnitude greater than the initial particle release density (<1 larva km −2 ). Note that many LCS are swept together and combined as the packet is formed, and the resulting large number of collinear ALCS are coincident with striations of dense material ( Fig. 6; Day 103 ). This striated pattern of planktonic material is similar to patterns seen in situ in the CCS (Mackas et al. 1991) .
Packets formed by eddy interactions are often comprised of a wide range of larval age classes from many source locations, concentrated in a very small spatial area. The dense packet shown in Fig. 6 (black line on Day 103) contains larvae ranging from < 20 to > 60 d old (Fig. 7a) . The material in the densest portion of the packet (22 to 23 km alongshore in Fig. 7a) , representing a 1 km 2 bin in Fig. 6 , came from sources up to 50 km south and 220 km north of the packet location on Day 103 (Fig. 7b) , where the source regions have been unwrapped to account for the periodic boundary in the ocean circulation model. Notably some of this material came from south of its current location, having traveled against the average southward alongshore flow.
Filamentation can lead to a quick trip offshore, decreasing transit time away from the shelf. For example, on Day 177 particles ranging from 7 to 29 d old are found >150 km offshore, concentrated in a filament that wraps around the periodic model boundary ( Fig. 8a ; denoted by Xs). Conversely filaments often bend back toward the coast or get folded into a persistent retention zone (i.e. an eddy), resulting in older larvae being transported back towards the shelf. Inshore of the example filament described above are many regions of older larvae (30 to 120+ d old; Fig. 8b-e) ; we will focus on 2 of these areas, marked in boxes in Fig. 8f . Histograms of source locations and age distributions for the 2 boxed regions are shown in Fig. 9 .
For the coherent structure on Day 177 (dashed box in Fig. 8f ), again a large number of larvae with a diverse range of ages have been concentrated into a small region (see Video S2 in the supplement). There are >15 000 particles in this structure, 16% of the total number of particles in the entire domain at this time. Within the coherent structure particles range from 40 to 170 d old and are from source regions spanning 150 to > 800 km alongshore (Fig. 9a,b) . Note that in Fig. 9a the tails of the distribution are not completely shown and some larvae originate from source locations >1200 km alongshore (having crossed the periodic domain 4 times). Some larvae older than 120 d are within 50 km of the coast (solid box in Fig. 8f ). This packet contains particles ranging from 20 to 170 d old and from −10 to 500 km alongshore (Fig. 9c,d) . Thus, eddy interaction may result in transport of material back to the shelf (and for some larvae back to their source locations) long after release.
Dense larval packets resulting from complex and variable eddy−eddy interaction and filamentation processes are found throughout this model run (see Videos S1 & S2 in the supplement) and in all other model runs. To assess the average statistics of packet formation and their associated larval age and source distributions, we evaluate a 'packet' over a 1 km 2 region. Fig. 10 shows the complementary cumulative distribution of packet densities at each larva position over the model run shown in other figures. In most cases larvae are in packets many times denser than their release densities (<1 km ). Average age and source histograms were determined for very dense packets (density > 50 km −2 , p = 0.06, gray shading in Fig. 10 ; n = 8140 packets) by subtracting the mean values for each packet and combining (Fig. 10 inset ; n = 7 × 10 5 particles in total). Standard deviations are 73 km for source regions and 14 d for ages in packets, with long tails for both histograms as seen in previous examples. These results suggest that, on average, dense regions of larvae will contain larvae from a wide range of source locations and release times. Since meso scale eddy interaction processes are similar through out the global ocean (McWilliams 1984 , Bracco et al. 2004 ), dense packets of floating larvae and similar biological materials are expected across a range of marine ecosystems.
DISCUSSION
Application of LCS
LCS have the potential for being used operationally to track regions of dense planktonic accumulation. Given availability of high-quality ocean surface velocity fields (i.e. high-frequency radar, operational data-assimilative coastal ocean models), attracting LCS can be assessed for connection to spawning regions and tracked through time (Coullette et al. 2007 , Shadden et al. 2009 ). LCS also provide a powerful conceptual tool for understanding the kinematic framework that larval transport dynamics rests in, as LCS make the connection between filamentation, transport boundaries, and frontal processes. Further, results from dynamical systems theory can be applied to predict the sensitivity of ecological processes associated with LCS.
The importance of horizontal swimming provides an excellent example of how dynamical systems results can be applied to the larval transport problem. Clearly larval swimming is dif ficult to model, involving species-specific assumptions about cues, swimming duration, speed, and direction (e.g. Metaxas & Saunders 2009 ). Since LCS are structurally stable and therefore largely insensitive to perturbation (Haller 2002 , Harrison & Glatzmaier 2012 , it follows that up to a certain swimming speed in any direction, or for short, strong bursts of swimming, larvae will effectively remain on LCS. To provide a rough demonstration of this stability, Fig. 11 shows the effect of normally distributed, random-walk horizontal 'swimming' on the density patterns shown in Fig. 8f . The random-walk perturbations were added with standard deviations σ of 1 and 10 cm s −1 . For both cases the horizontal swimming direction and magnitude was randomized at each particle time step. For a perturbation of σ = 1 cm s −1 , density patterns are very similar to their original distributions (compare Figs. 8f & 11a) . At a perturbation level of σ = 10 cm s −1 (much higher than the expected swimming speeds of most early stage larvae; e.g. Love et al. 2002 , Metaxas & Saunders 2009 ), packets and filaments are still in evidence. Maximum concen trations have been reduced compared with the non-swimming case, but they are still an order of magnitude higher than the release density (Fig. 11b) . Thus, we expect filaments and eddies are robust aggregators of planktonic and nektonic organisms even under a wide range of (slow) behavioral strategies.
Comparisons with observations and prior studies
The present analyses linking processes of filamentation and larval distributions should be widely applicable, as upwelling dynamics are similar across all EBCs (e.g. Haynes et al. 1993 , Hill et al. 1998 ). For ) is shown on a log scale to facilitate visualization. Note the feature centered at 100 km offshore and 175 km alongshore (dashed box, f) has integrated particles from many different age classes (b-e), and that some particles are near the coast (< 50 km) even after 120 d (solid box, f). In contrast, young larvae (a) have reached upwards of 150 km offshore in a fast-moving filament (denoted by 'X') that wraps around the periodic model boundary. See Video S2 in the supplement for visualization of density through the model run. Age and source distributions for the boxed regions are shown in Fig. 9 example, neritic larvae and coastal planktonic species are persistently found in upwelling filaments and their associated eddies in the Canary EBC (Rodriguez et al. 1999 , Bécognée et al. 2009 , and this is thought to be an important larval transport pathway from the mainland to offshore islands. In the CCS, the transport of propagules in filaments is consistent with the observed higher abundance of larvae at fronts (Larson et al. 1994 , Bjorkstedt et al. 2002 , although to our knowledge these 2 phenomena have not previously been connected. Packet formation and transport by eddy− eddy interaction and filamentation processes may explain the delivery of discrete settlement pulses of larvae that contain a wide range of age classes and species, and also contribute to shorter than expected dispersal distances (Warner et al. 2000 , Warner & Cowen 2002 , Shanks 2009 ). These observations may be explained to leading order by ocean transport and passive particles, without invoking complex larval behavior or life histories. Larval concentration in filaments may explain regions of predictably higher settlement downstream from headlands (Ebert & Russell 1988) , as well as preferential spawning areas observed at submerged promontories (Karnauskas et al. 2011) . Instead of adding more variability, a complex coastline will often or ganize the flow into more regular and predictable patterns. When an alongshore current reaches a coastal headland it is directed offshore, often forming a filament or eddy (Haynes et al. 1993 , Kim & Barth 2011 , and so can regularly generate high larval concentrations, making these areas advantageous spawning grounds (Karnauskas et al. 2011) . If this concentrated material were directed back to shore it would result in a large, perhaps quick settlement pulse over a narrow coastal area downstream from a promontory, as seen in modeling studies (Kim & Barth 2011) . Such settlement pulses are expected to correlate with frontal arrival, 39 Fig. 9 . Histograms of (a,c) source locations and (b,d) age distributions for the 2 boxed regions in Fig. 8f . In both cases larvae from a wide range of sources and release times are found in the same region. The coherent structure (dashed box, Fig. 8f ) has integrated larvae originating from 150 to > 800 km alongshore (a), and contains particles ranging from 40 to 170 d old (b). A coastal packet (solid box, Fig. 8f ) has particles that came from −10 to 600 km alongshore (c), and are < 30 to >175 d old (d). Source locations have been unwrapped as in Fig. 7 , with a bin size of 50 km. Age bins are 10 d wide. n is the total number of particles in the histogram. Note the difference in vertical scales for each plot Fig. 10 . Complementary cumulative distribution of density at particle locations shows that over the model run 6% (p = 0.059) of particles are found in packets (shaded gray, defined by density > 50 in a 1 km 2 bin). Combined histograms (with source and age averages removed for each packet) show a wide range of source regions (inset top) and ages (inset bottom) for larvae in packets. Horizontal axes on histograms show a portion of the long tails for each distribution as has been observed in the CCS (Bjorkstedt et al. 2002 , Woodson et al. 2012 . Recent modeling studies suggest packet delivery back to the shore is a common phenomenon. Packet delivery will manifest in connectivity diagrams (Cowen et al. 2006 ) as a linear feature, indicating a wide range of source regions were deposited at 1 arrival location (as in Fig. 7 ). This pattern is prominent in many EBC connectivity studies , Drake et al. 2011 , Kim & Barth 2011 , notably for both non-buoyant and vertically migrating larvae, and is more prevalent for longer pelagic larval duration (PLD). However, it is unclear from these studies if linear connectivity patterns are due to single events or accrue over longer timescales.
Since packet formation appears to be a consequence of the eddy−eddy interaction and filamentation processes, we expect it will occur across all ocean regions and likely generates the patterns seen in these studies.
Biophysical and trophic interactions along coastal upwelling filaments and fronts could influence larval survivability. Primary production is observed to be higher in upwelling filaments, as nutrient-rich water is carried offshore (Brink & Cowles 1991 , Mackas et al. 1991 , Hill et al. 1998 , and also along fronts, where both planktonic and fish biomass can be enhanced (e.g. Landry et al. 2012 ). In addition, frontal vertical velocities due to submesoscale instabilities have been shown in coupled physical−ecosystem models to induce nutrient injection and increase productivity, but they also induce export materials from the euphotic zone (for reviews see Lévy 2008 , Klein & Lapeyre 2009 ). Further, seabirds, fish, and other marine animals are known to use fronts for foraging and efficient transport (e.g. Fiedler & Bernard 1987 , Tew Kai et al. 2009 , Munk et al. 2010 , indicating increased predation susceptibility for larvae at fronts. Larval survivability on a filament will be controlled by a combination of enhanced fitness due to food availability, higher mortality due to vertical export, or locally enhanced predation.
Many EBCs have wider shelves than the California coastline, such as those off Africa and the Iberian Peninsula. For these systems, upwelling can be centered at the shelf break, creating a kinematic boundary between a poleward shelf flow and the equatorward upwelling jet (Peliz et al. 2002) . This on-shelf/ shelf-break flow partitioning appears to depend on the details of both the pycnocline and wind forcing (Estrade et al. 2008) , and has been observed to act as a retention mechanism for river outflow and very nearshore species (Santos et al. 2004) . Similarly, observations (Hill et al. 1998 ) and more realistic models of the CCS often exhibit poleward flow close to the coast (e.g. Drake et al. 2011) . We speculate that retention within this poleward flow, similar to the situation noted in studies off the Iberian Peninsula (Domingues et al. 2012) , may limit the offshore extent of many intertidal and very nearshore spawners (Shanks & Shearman 2009) , and perhaps contribute to the shorter than expected dispersal distances observed for some species (Shanks 2009 ). To our knowledge, it remains unclear what the temporal dynamics, response to wind variation, and 3-dimen- Fig. 8f with addition of random-walk type swimming at 2 levels: (a) 1 cm s −1 and (b) 10 cm s −1 standard deviation. As expected given the structural stability of Lagrangian coherent structures, dense packets and filaments are robust to a high degree of perturbation sional kinematics are for this type of retention mechanism. However, the dynamical systems approach to identifying and classifying kinematic boundaries should be useful for diagnosing larval retention in these systems.
The breakdown of fronts by small eddies and meanders is readily seen in satellite observations (Flament et al. 1985) ; in ROMS these frontal instabilities are known to intensify with increasing model resolution (Capet et al. 2008) . Such instabilities would likely lead to more mixing along filaments (Badin et al. 2011 ), but, to our knowledge, this has yet to be studied in the context of marine ecology. However, in situ measurements suggest that frontal accumulation of planktonic organisms in filaments is robust in the extension from model to reality (Larson et al. 1994 , Rodriguez et al. 1999 .
Potential roles of larval behavior
Many species' larvae and eggs are found preferentially near the ocean surface (e.g. Shanks 1985 , Rodriguez et al. 1999 , Bjorkstedt et al. 2002 , Love et al. 2002 , Metaxas & Saunders 2009 ). We have shown previously that random horizontal swimming will influence larval density patterns only for large swimming speeds (Fig. 11) . In evaluating the effects of vertical swimming behavior, the particle model formulation used here assumes propagules swim or float to overcome the modest model vertical velocities (< 5 m d −1 ; Figs. 2 to 4), i.e. prefer to be in the productive euphotic zone. If particles were free to move vertically, this could result in a lesser degree of density enhancement; instead of aggregating at the surface, non-buoyant particles would be pushed down by surface convergence and downwelling (e.g. Bakun 2010 ). Though modeled vertical velocities here are instantaneously small, the accumulated effect over time can be large and will increase density patchiness (Zhong et al. 2012) . Our analysis of transport boundaries and particle filimentation also applies to any floating material originating over the shelf (e.g. pollutants, macrophytes), and aggregations of these materials can form pelagic habitats for a variety of marine organisms (Shanks 1985 , Dempster & Taquet 2004 , indicating a possible secondary effect on larval distributions.
Previous results with the CCS-in-a-box model show ontogenetic vertical migration does not have strong effects on larval settlement statistics . Upwelling filaments are generally coherent up to 100s of meters in depth (e.g. Brink & Cowles 1991) , so it follows that with even a moderate change in vertical position larvae will remain within these flow structures. In contrast, regions with generally high vertical velocity shear, for example estuaries (North et al. 2008) or systems with bifurcations in major currents, such as off the north coast of Norway (Fiksen et al. 2007) or among coral reef habitats (Cowen & Sponaugle 2009 ), will be more sensitive to larval behavior. A common feature of EBCs is vertical shear between the coastal equatorward upwelling jet and the poleward undercurrent (Hill et al. 1998) , and larval transport in this region is affected by diurnal vertical migration (Aiken & Navarete 2011) . It still remains largely unclear where, when, and to what extent vertical swimming will be important given realistic flow fields.
SUMMARY
Larvae released above the shelf in an idealized EBC are often transported in filaments that coincide with LCS. Larvae are more likely to be found on an ALCS (~40% over a 100 d ensemble) than on a RLCS (~25%), and more likely on LCS than if they were randomly distributed (~20% expected). Larvae on LCS are also more likely to be on SST fronts (twice as many as expected for |∇ h SST| > 0.1°C km −1 ), although this is not always the case. Eddy−eddy interaction and filamentation processes result in the creation of dense packets, which bring larvae of many age classes and source regions together into a small spatial region. Results are consistent with observations of larval distributions and settlement patterns in EBCs and other systems. Packet formation as a manifestation of eddy interaction and filamentation processes should occur globally. These packets sometimes get transported back to the coast, and the associated pattern of connectivity is seen in other studies. LCS are insensitive to a moderate degree of perturbation (e.g. swimming) and so are expected to be robust in mapping transport pathways under a variety of larval behavioral strategies. 
